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Structure of Escherichia coli AMP Nucleosidase
Reveals Similarity to Nucleoside Phosphorylases
and binds over 1000-fold tighter than the substrate to
AMN (DeWolf et al., 1979; Leung and Schramm, 1980).
AMN activity was first characterized in A. vinelandii
Yang Zhang, Sarah E. Cottet, and Steven E. Ealick*
Department of Chemistry and Chemical Biology
Cornell University
Ithaca, New York 14853 (Hurwitz et al., 1957). The enzyme has since been identi-
fied from a number of prokaryotes, including E. coli,
Salmonella typhimurium, Yersinia pestis, and Chlamydia
murdarum. E. coli AMN is active as a homohexamerSummary
with a total molecular weight of 324 kDa, and each
monomer is comprised of 484 amino acids. AMN fromAMP nucleosidase (AMN) catalyzes the hydrolysis of
both A. vinelandii and E. coli were crystallized two de-AMP to form adenine and ribose 5-phosphate. The
cades ago by Giranda and coworkers (Giranda et al.,enzyme is found only in prokaryotes, where it plays a
1986, 1989). Results from preliminary X-ray crystallo-role in purine nucleoside salvage and intracellular AMP
graphic studies revealed that AMN arranged as hexa-level regulation. Enzyme activity is stimulated by ATP
mers with point group symmetry 32. However, the struc-and suppressed by phosphate. The structure of unli-
ture remained unsolved. Interest in the structure of AMNganded AMN was determined at 2.7 A˚ resolution, and
has been enhanced by proposed structural similaritiesstructures of the complexes with either formycin
with the nucleoside phosphorylase family I (NP-I) (Pug-5-monophosphate or inorganic phosphate were de-
mire and Ealick, 2002). The NP-I family, which functionstermined at 2.6 A˚ and 3.0 A˚ resolution, respectively.
in the salvage pathways of cells, currently includes fiveAMN is a biological homohexamer, and each monomer
groups: trimeric purine nucleoside phosphorylase (PNP),is composed of two domains: a catalytic domain and
hexameric PNP, trimeric 5-deoxy-5-methylthioade-a putative regulatory domain. The overall topology of
nosine phosphorylase (MTAP), hexameric uridine phos-the catalytic domain and some features of the sub-
phorylase (UP), and 5-methylthioadenosine/S-aden-strate binding site resemble those of the nucleoside
osylhomocysteine nucleosidase (MTAN). Despite thephosphorylases, demonstrating that AMN is a new
low sequence similarities, the family members share amember of the family. The structure of the regulatory
characteristic subunit topology consisting of a centraldomain consists of a long helix and a four-stranded
eight-stranded, mixed  sheet flanked on either side bysheet and has a novel topology.
four  helices. (Appleby et al., 1999, 2001; Ealick et al.,
1990; Lee et al., 2001; Mao et al., 1997; Morgunova
Introduction et al., 1995). Based on the quaternary structure of the
physiologically relevant form of the enzyme, the family
AMP nucleosidase (AMN) functions in the purine salvage can be further divided into three classes: the hexameric,
pathway and catalyzes the irreversible hydrolysis of trimeric, and dimeric NP-Is. Sequence alignments and
AMP to yield adenine and ribose 5-phosphate (Hurwitz comparisons reveal greater homology of AMN with the
et al., 1957). The enzyme represents an attractive target hexameric and dimeric members than with trimeric
for the design of antimicrobial drugs, as it has been members. Structural studies of AMN together with struc-
detected only in prokaryotes where it performs a critical tural comparisons to NP-Is were undertaken to help
role in intracellular AMP level regulation (Leung and establish a molecular basis for the observed differences
Schramm, 1980). AMP levels have numerous effects in in substrate specificity among these functionally similar
all living systems, allowing rapid adjustments in re- enzymes and to offer insight into a possible catalytic
sponse to changing metabolic conditions. Kinetic stud- mechanism for AMN.
ies indicate that AMN is under allosteric control of the We present here the crystal structure of unliganded
activator MgATP and the inhibitor inorganic phosphate E. coli AMN at 2.7 A˚ resolution and the structures of
(Schramm, 1974). MgATP appears to regulate the en- complexes with FMP at 2.6 A˚ resolution and with inor-
zyme through more than one mechanism. For the Azoto- ganic phosphate at 3.0 A˚ resolution. In agreement with
bacter vinelandii enzyme, allosteric activation by MgATP biochemical studies and the preliminary X-ray studies,
results in a two to three orders of magnitude increase AMN is a hexamer with 32 point symmetry. Each mono-
of Vmax but causes little change in the Km (Schramm, mer consists of two domains: a catalytic domain and a
1974). For the Escherichia coli enzyme, presence of putative regulatory domain. Comparison of the AMN
MgATP makes no change in Vmax but decreases the Km catalytic domain and various NP-I family members re-
by approximately two orders of magnitude (Leung and veals remarkable similarities in the overall topology and
Schramm, 1980; Schramm and Reed, 1980). Inorganic active site, which suggests that AMN belongs to the
phosphate serves as an allosteric inhibitor through com- NP-I family.
petitive inhibition with respect to MgATP (Leung and
Schramm, 1980; Schramm, 1976; Schramm and Fullin, Results
1978). Formycin 5-monophosphate (FMP), a noncleav-
able substrate analog, is a strong competitive inhibitor Overall Structure
The crystal structures of E. coli AMN in three different
tetragonal space groups P42212, I4, and P43212 were*Correspondence: see3@cornell.edu
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determined at 2.6 A˚, 2.8 A˚, and 3.8 A˚ resolution, respec- with the C-terminal domain of the adjacent subunit on
both sides. Hence, the hexamer appears to be threetively. The final model of unliganded AMN consists of
residues 8–153 and 168–484. Residues at the N terminus layered from the side view (Figure 1B): a central layer
formed by closely packed C-terminal domains and twoand residues 154–167 are disordered in the electron
density maps of all three space groups and hence not outside layers formed by N-terminal domains.
built into the model. The model has 99.7% of the resi-
dues in the allowed regions and 1 residue (His329) in Substrate Binding Site
the disallowed region of the Ramachandran plot. His329 The structure of AMN complexed with the substrate
is represented by clear electron density and occurs in analog FMP in space group P42212 was determined ata nonstandard turn following strand 11. 2.6 A˚. The AMN hexamer contains six active sites, and
The structures from the three space groups show that each active site utilizes residues from two adjacent sub-
AMN is a homohexamer with the approximate dimen- units. Clear electron density for FMP was found in each
sions 110 A˚  110 A˚  90 A˚ (Figures 1A and 1B). The of the six substrate binding sites in the hexamer. The
asymmetric unit (a.u.) in space groups I4 and P42212 substrate binding site of AMN is located at the C-ter-
contains a complete hexamer, while the a.u. in space minal domain, formed by the C-terminal end of the
group P43212 contains three monomers. The hexamer -barrel and interconnecting loops (Figure 1C). The
in space group P43212 is generated by the crystallo- structural elements involved in the substrate binding
graphic 2-fold axis. There is no significant global differ- site include three  strands (10, 13, and 14), four
ence either among molecules from different space loops (loop 204–207 connecting5 and6, loop 277–282
groups or among monomers within a molecule. connecting 9 and 8, loop 378–387 connecting 12
The AMN monomer is made up of two / domains: and 10, and loop 403–406 connecting 13 and 11),
an N-terminal domain of about 180 residues and a and helix 5 of the adjacent subunit. The substrate bind-
C-terminal domain of about 300 residues (Figure 2). The ing site of AMN can be broken down into three regions,
N-terminal domain consists of a four-stranded mixed  the adenine binding site, the ribose binding site, and
sheet, four  helices, and a 310 helix. The  sheet has a the 5-phosphate binding site (Figures 3A and 5A).
topology 3↑1↓2↑4↑. One side of the  sheet is flanked by Residues involved in the binding of adenine include
two  helices (1 and 3), and the opposite side is Trp383, Ile402, Met404, and Asp428. Both side chain
exposed to solvent. One of the flanking helices (1) is hydrophobic interactions and hydrogen bond interac-
strikingly long (28 residues) and lacks the bend often tions are found to be important. The side chains of Ile402
associated with long helices. This long  helix is parallel and Met404 provide hydrophobic interactions and help
to the  sheet and contacts the other two helices (2 to orient the purine ring. The side chain of Trp383 is
and 4) at one end. The C-terminal domain of AMN is positioned nearly parallel to the purine ring and forms
an  three-layer sandwich. The central portion of the a hydrogen bond to the N1 atom. The side chain of
domain is made of two mixed  sheets: a nine-stranded Asp428 forms hydrogen bonds with the N6 and N7
sheet with topology 7↑6↓8↑9↓5↓10a↓14a↓11a↑12a↑ and a atoms of FMP.
five-stranded sheet with topology 11b↑12b↑13↑10b↓14b↓. Asn205, Met404, and Glu405 form a total of five hydro-
The five-stranded and nine-stranded  sheets pack to- gen bonds in the ribose binding site. Two hydrogen
gether to form a distorted -barrel. Four  helices flank bonds are made by the N2 atom of Asn205, one each
each side of the core -barrel structure. to the O2 and O3 hydroxyl groups of the ribose. The
O1 and O2 atoms of Glu405 form hydrogen bonds to
the O2 and O3 hydroxyl groups, respectively. The lastIntersubunit and Interdomain Interactions
hydrogen bond is between the backbone amide nitrogenThe AMN hexamer can be viewed as a trimer of dimers
atom of Met404 and the O2 hydroxyl group. The hy-in which each pair of dimers contains two complete
drophobic interaction from the side chain of Met404,active sites. The contacts between subunits within a
which stacks against the hydrophobic face of the ribosedimer are more extensive than the contacts between
moiety, also provides proper orientation of the sugar.the 3-fold related pairs. Each dimer interface buries a
The 5-phosphate binding site is formed by positivelytotal surface area of 5529 A˚2 between two monomers,
charged residues and proton donors, including Arg381while the interface between two dimers to form the trimer
and Lys436 from one subunit, and His188 and Tyr189buries 3757 A˚2. The intersubunit interactions are a mix-
from the adjacent subunit. These residues form electro-ture of hydrophobic interactions and hydrogen bonds.
static interactions and hydrogen bonds between theirThe two domains of a monomer are clearly separated
side chains and the phosphate oxygen atoms.and are linked through an  helix (5). An additional
connection between the two domains is made by the C
terminus, which winds toward the N-terminal domain Conformational Changes upon Inhibitor Binding
The FMP-complexed structure shows a more closedand anchors itself in the cleft formed by 3 and adjacent
loops primarily via hydrophobic interactions and hydro- conformation than the unliganded one. The catalytic
domains of the dimer paired subunits move 0.8 A˚ to-gen bonding. Although the two domains within a mono-
mer appear to have very little direct contact, extensive ward each other upon the ligand binding, and the
N-terminal domains are tilted slightly away by the clos-intersubunit interactions stabilize the relative orienta-
tions of the two domains. In the hexamer, six subunits ing of the catalytic domains. Residues 437–446, a loop
region, and the C-terminal end of 12, which are closealternate in an up/down fashion and display a 32 point
symmetry (Figure 1A). The N-terminal domain interacts to the substrate binding site in the unliganded structure,
AMN Structure and Mechanism
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Figure 1. E. coli AMN Hexamer Color-Coded by Subunit and Domain
(A) Top view down the NCS 3-fold symmetry.
(B) Side view down the NCS 2-fold symmetry.
(C) The substrate binding site at the dimer interface with FMP in blue.
(D) The phosphate binding site at the trimer interface. The figure was prepared using MOLSCRIPT (Esnouf, 1997, 1999; Kraulis, 1991).
are disordered in the FMP-complexed structure. In addi- which hydrogen bonds to Gln259 of the adjacent subunit
in the unligand structure, moves 4.0 A˚ toward thetion, residues 128–133 are disordered in the FMP-com-
plexed structure. Three individual residues in the sub- 5-phosphate and makes two hydrogen bonds to the
5-phosphate group in the FMP-complexed structure.strate binding site show significant conformational
changes upon ligand binding. The Arg381 side chain, The Lys436 side chain, which has a high B factor in both
Structure
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Figure 2. Structure of AMN Monomer
(A) A stereo diagram of the AMN monomer.
(B) A ribbon diagram of the N-terminal domain.
(C) A ribbon diagram of the C-terminal domain. Strands are colored in green,  helices are shown in blue, and 310 helices are shown in magenta.
The figure was prepared using MOLSCRIPT (Esnouf, 1997, 1999; Kraulis, 1991) and RASTER3D (Merritt and Bacon, 1997).
(D) A topology diagram of the AMN monomer.
unliganded and the FMP-complexed structures, also N-terminal end of helix 12, which become disordered
in the complex.moves 5.0 A˚ toward the 5-phosphate to donate a
hydrogen bond. The imidazole ring of His305 occupies
the substrate binding site in the unliganded structure. Additional Phosphate Binding Site
One phosphate binding site was identified in the com-In the structure of AMN complexed with FMP, His305
swings away from the substrate binding site toward the plexed structure with inorganic phosphate. There are
AMN Structure and Mechanism
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Figure 3. The AMN Active Site
(A) Stereoview of the active site of AMN.
(B) Stereoview of the phosphate binding site at the trimer interface. Residues that belong to the neighboring subunits are designated with an
asterisk. The figure was prepared using BOBSCRIPT (Esnouf, 1997, 1999; Kraulis, 1991) and RASTER3D (Merritt and Bacon, 1997).
six identical sites per hexamer, each located on the the highest structural similarity to AMN, and E. coli
MTAN, which, like AMN, is a hydrolase (Lee et al., 2001,trimer interface and formed by two adjacent subunits
(Figure 1D). Residues involved in phosphate binding in- 2003). The C-terminal catalytic domain of AMN has the
overall topology of the NP-I family (Figure 4). The majorclude Lys367 and Thr372 from one subunit, and Arg473
and Lys474 from an adjacent subunit (Figure 3B). differences between AMN and both E. coli PNP and
E. coli MTAN are two insertions in AMN: residues 234–
259 forming an additional  strand (7) and an  helixDiscussion
(7), and residues 361–367 consisting of a loop and a
310 helix. 7 is a 2 residue  strand which makes threeSimilarity to Nucleoside Phosphorylases
AMN and PNP both catalyze the cleavage of glycosidic hydrogen bonds to 8. 7 is a 5 residue helix parallel
to the  sheet. Compared to E. coli PNP and E. colibonds. PNP utilizes phosphate as the nucleophile and
with varying specificity for purine nucleosides de- MTAN, AMN also has two additional 310 helices at the
C terminus. However, the presence of these additionalpending on the organism. AMN utilizes water as the
nucleophile and is specific for AMP. Prior to the struc- secondary structural elements has little impact on do-
main folding and subunit packing. The superposition oftural determination of E. coli AMN, it had been specu-
lated that its C-terminal region might share structural E. coli PNP and E. coli MTAN onto AMN showed root-
mean-square deviations (rmsd) of 2.5 A˚ for 224 C posi-homology with the NP-I family (Pugmire and Ealick,
2002). The structural similarity of AMN to the hexameric tions and 2.8 A˚ for 206 C positions, respectively (Ta-
ble 1).and dimeric NP-Is appears to be greater than that
to trimeric members, according to iterative BLAST
searches. Further sequence analyses reveal that several Comparison of Substrate Binding Sites
The substrate binding site of AMN superimposes wellkey residues of the purine and ribose binding sites are
conserved in AMN, but residues of the nucleophilic onto those of E. coli PNP and E. coli MTAN. Although
the substrate binding site of AMN is less open to thephosphate binding site are not. These proposed struc-
tural similarities are confirmed by the current AMN struc- solvent due to the close packing of the N-terminal do-
main and the connecting helix (5), all three structuresture presented here (Figure 4).
For the purpose of comparison, we have chosen E. coli exhibit similar secondary structure features in the sub-
strate binding sites. The orientation of the substratesPNP (Bennett et al., 2003; Mao et al., 1997), which has
Structure
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Figure 4. Sequence Alignment of E. coli AMN, E. coli PNP, and E. coli MTAN
Sequence alignment of E. coli AMN (AMN), E. coli PNP (PNP), and E. coli MTAN (MTAN) based on a superposition of the corresponding
secondary structure elements. Secondary structural elements are labeled, with strands depicted as green arrows,  helices as blue rectangles,
and 310 helices in magenta. Conserved catalytic residues are highlighted in yellow.
as well as some of the key active site residues are con- perpendicular to the plane of the purine base. This her-
ringbone-type stacking interaction from an aromaticserved among the three structures (Figure 5).
The adenine binding of AMN is unique among all NP- residue surprisingly is missing in AMN. Instead, the
structurally equivalent residue in AMN is an arginineIs, as the base ring is not oriented by the stacking inter-
action from an aromatic residue. A structurally con- residue (Arg381), which points toward the oxygen atoms
of the 5-phosphate and forms two hydrogen bonds.served aromatic residue has been observed in all other
NP-Is, in which the plane of the aromatic residue The closest aromatic residue in the binding vicinity,
Trp383, is shifted by 2 residues from the sequence-(Phe159 in PNP and Phe151 in MTAN) stacks nearly
Table 1. Comparison of AMN with Known Protein Structures Using DALI
Protein Z Rmsda LALIb LSEQ2c % IDEd
E. coli PNP 24.1 2.5 224 237 15
E. coli UP 23.3 2.7 232 253 16
E. coli MTAN 21.7 2.8 206 226 18
Homo sapiens MTAP 16.7 3.1 200 268 13
Bos taurus PNP 16.1 3.1 212 280 10
a Rmsd, root-mean-square deviation.
b LALI, length of aligned residues.
c LSEQ2, length of the complete sequence.
d % IDE, percentage of identical residues.
AMN Structure and Mechanism
1389
Figure 5. Schematic Diagrams of the Active Sites
(A) AMN with FMP.
(B) E. coli MTAN with 5-methylthiotubercidin (PDB code 1NC1).
(C) E. coli PNP complexed with 2-fluoroadenine and phosphate (PDB code 1PK9). Residues that belong to the neighboring subunits are
designated with an asterisk. The hydrogen bonding distances for AMN are the average value of all six subunits.
equivalent position of the phenylalanine residue. The PNP, and Asp197 in E. coli MTAN) to the N6 and N7
atoms is also conserved.plane of the Trp383 side chain is nearly coplanar to the
plane of the base ring and donates a hydrogen bond to The binding of the ribose moiety in AMN is similar to
that reported in E. coli PNP and E. coli MTAN (Lee etthe N1 atom of the adenine base. The N1 atom is also
stabilized by a hydrogen bond interaction in E. coli PNP al., 2003; Mao et al., 1997). A methionine residue and
a glutamate residue (Met404, Glu405 in AMN; Met180,and MTAN, but with different donors. In the case of
E. coli MTAN, the hydrogen bond to N1 is donated by Glu181 in E. coli PNP; and Met173, Glu174 in E. coli
MTAN) are structurally conserved and make similar in-the backbone amide atom of Ile152, and in E. coli PNP,
the hydrogen bond is donated by a water molecule. teractions with the ribose. The conserved methionine
residue makes stacking interactions with the hydropho-There are several common features in the adenine bind-
ing scheme among the three structures. The hydropho- bic face of the ribose moiety, the backbone nitrogen
atom of the conserved methionine residue hydrogenbic interactions made by a methionine residue and the
valine/isoleucine residue are similar in all three struc- bonds to the O2 atom of the ribose, and the conserved
glutamate residue hydrogen bonds to the ribose hydrox-tures. Met404 in AMN, Met180 in E. coli PNP, and Met173
in E. coli MTAN are structurally conserved. Ile402 in yls. The interactions with the O3 and O5 atoms, how-
ever, are different in E. coli PNP and MTAN. In AMN,AMN has structural equivalents of Val178 in E. coli PNP
and Val171 in E. coli MTAN. The close proximity of an the O3 ribosyl hydroxyl group hydrogen bonds to the
N2 atom of Asn205, whose structural equivalent isaspartic acid residue (Asp428 in AMN, Asp204 in E. coli
Structure
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Gly20 in E. coli PNP and Ala8 in E. coli MTAN. The bond elongates. Negative charge accumulates at the
N7 atom of the purine base and positive charge at thephosphate anion in E. coli PNP is located at the position
of the N2 atom of Asn205 in AMN, and a hydrogen O4 atom due to electron flow during bond elongation.
Asp428 acts as a hydrogen bond donor to offset thebond is made between the O3 ribosyl hydroxyl group
and a phosphate oxygen atom. The proposed catalytic partial negative charge and stabilize the transition state.
There is no negatively charged residue in the ribosewater molecule in E. coli MTAN is at the same position
making the hydrogen bond interactions. There is no hy- binding site to stabilize the positively charged oxocarbe-
nium ion. However, one of the oxygen atoms of thedrogen bond to the O5 atom in AMN. In E. coli PNP,
His4 from the neighboring subunit forms a hydrogen 5-phosphate group is close to the C1 and O4 atoms
of the ribose (4 A˚). Substrate-assisted catalysis wasbond to the O5 of the ribose, while in E. coli MTAN,
5-alkylthio is primarily stabilized by hydrophobic inter- also proposed for human PNP, in which case the second
substrate, phosphate, also provided a negative chargeactions.
AMN is the first example of a nucleoside phosphory- to stabilize the intermediate (Erion et al., 1997). Following
the formation of the oxocarbenium intermediate, attacklase family member that accepts nucleoside 5-phos-
phates as substrates. The 5-phosphate binding site in by an activated nucleophilic water molecule occurs at
the anomeric carbon to liberate the final products riboseAMN is composed of His188, Tyr189, Arg381, and
Lys436. These residues are highly conserved in AMN 5-phosphate and adenine. In order to donate a hydrogen
bond to the N7 atom of the purine base and stabilizesequences but have no counterparts found in E. coli
PNP and MTAN, consistent with their different substrate the transition state, the aspartic acid residue needs to
be protonated. Although at physiological pH an asparticspecificities. Being a hydrolase specific for 5-methylthi-
oadenosine and S-adenosylhomocysteine, E. coli MTAN acid residue is deprotonated (pKa 4.5), the pKa of a
buried aspartic acid or glutamic acid is shifted upward,lacks the residues necessary for phosphate binding.
E. coli PNP, however, has a phosphate binding site for and the carboxyl group of Asp428 can exist in the pro-
tonated form to a significant extent (Langsetmo et al.,the phosphate nucleophile. The phosphate binding site
of E. coli PNP is unrelated to the 5-phosphate binding 1991). The Ser427, which is highly conserved throughout
the family, helps orient the carboxyl group of Asp204.in AMN, consistent with the differences in the enzymatic
mechanisms between the two enzymes. In E. coli PNP, The catalytic water molecule is not observed in the FMP-
complexed structure, and no base to activate a waterthe catalytic phosphate anion is positioned in close
proximity to the nucleoside, forming hydrogen bonds molecule is in the expected binding site. The closest
residue is His305, which is approximately 6 A˚ away. Itwith both ribosyl hydroxyl groups. The negatively
charged phosphate oxygen is close to the C1 and O4 is possible that His305 moves closer when the water
molecule binds or that the water molecule is sufficientlyatoms of the nucleoside, initially stabilizing the partial
positive charge on the oxocarbenium-like transition nucleophilic for the reaction without activation.
state and subsequently performing the nucleophilic at-
tack at the glycosidic bond. The E. coli PNP phosphate
The N-Terminal Domain and the Regulationbinding site is composed of Arg87 from one subunit and
of the EnzymeArg43 from a neighboring subunit. Arg24 is also found
The results of a search for structural homologs of theto interact with the phosphate anion in some E. coli PNP
N-terminal domain reveal that it is a novel fold. The longcomplexed structures (Mao et al., 1997). There is no
and straight  helix (1) at the N terminus is unique in anstructural equivalent of the above arginine residues in
/ motif. An AMN truncation mutant, in which residuesAMN. Arg24, Arg87, and Arg43 in E. coli PNP are re-
1–175 were deleted, was unable to cleave AMP (unpub-placed in AMN by Tyr206, Met302, and His258, respec-
lished data). The N-terminal domain contacts thetively. The Tyr206 side chain points away from the nucle-
C-terminal catalytic domain of the neighboring subunitsoside and makes stacking interactions with Tyr209 and
and contributes to subunit packing. However, theTyr445. His258 is located at the end of 7, a helix not
N-terminal domain is not directly involved in active sitestructurally conserved in E. coli PNP, and is not in the
formation. This raises questions about the biologicalclose vicinity of the nucleoside. In addition, the side
significance of the N-terminal domain. It is possible thatchain of Asn205 in AMN is found to make a hydrogen
the N-terminal domain exists as a “silent domain,” whichbond with the O3 atom at the equivalent position of
has no purpose other than protein folding. This hypothe-the phosphate anion in PNP. Therefore, AMN does not
sis is supported by the existence of AMN without thehave an equivalent phosphate binding site to the one
N-terminal200 residues in species such as Chlamydiain E. coli PNP.
muridarum. It is also possible that the N-terminal domain
serves as the regulatory domain of the enzyme and
provides an ATP binding site. Kinetic studies suggestImplications for Catalysis
Given the conserved overall topology and the similar that the reaction is under allosteric control of ATP
(Schramm, 1974); however, AMN does not carry anyactive site architecture, it is likely that AMN shares a
common enzymatic mechanism with the other members known ATP binding sequence signature. We hypothe-
size that ATP binds to the interface of the N-terminalof the NP-I family. The proposed enzymatic mechanism
is an SN1-type, with the formation of an oxocarbenium- domain and induces conformational changes at the sub-
strate binding through the connecting helix (5) and thelike intermediate followed by a nucleophilic attack at
the anomeric carbon. During the transition state of the C-terminal domain of the neighboring subunit. We have
attempted to solve the structure of AMN complexedglycosidic bond cleavage reaction, the N-glycosidic
AMN Structure and Mechanism
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Experimental Procedureswith ATP or ATP analog, yet the ATP binding site remains
unidentified. The lack of clear density of ATP in AMN
Chemical Reagentsstructures suggests that the ATP is not tightly bound
Formycin 5-monophosphate (FMP) was purchased from Sierra Bio-
and the binding scheme is transient. research.
Kinetic studies suggest that inorganic phosphate is
an allosteric inhibitor competing with the allosteric acti- Plasmid Construction, Protein Overexpression,
and Purificationvator ATP. Crystals were grown in the presence of inor-
AMN cDNA isolated from an E. coli cDNA gene library was PCRganic phosphate, and the complexed structure was
amplified and cloned into the expression vector pET28 using stan-solved to locate possible phosphate binding sites. How-
dard molecular biological techniques. The expression construct
ever, the resulting map shows no clear density of phos- contains a thrombin-cleavable polyhistidine tag fused to the amino-
phate anion in either the N-terminal domain or the active terminal end of AMN. The selenomethionyl (SeMet) protein was over-
expressed in the methionine auxotroph E. coli cell strain, B834(DE3)site. Instead, a strong phosphate binding site (Figures
(Novagen Inc.). Cells were grown at 37C in M9 minimal salts supple-1D and 3B) is identified at the trimer interface, sug-
mented with 30 g/ml kanamycin, 4% (w/v) glucose, 2 mM MgSO4,gesting that the phosphate at low concentration may
0.1 mM CaCl2, 1% BME vitamin solution (GIBCO-BRL), 25 g/mlassist oligomerization by facilitating the subunit interac- FeSO4·7H2O, and 40 g/ml each of the L-amino acids (L-methionine
tions. The active site has low binding affinity to phos- was substituted with L-selenomethionine). Cells were induced with
phate and hence is not occupied. The current crystallo- 1 mM isopropyl -D-thiogalactoside (IPTG) at a cell density of OD600
0.6. After induction for 5–6 hr, cells were harvested by centrifuga-graphic structure and biochemical studies are not
tion and resuspended in the ice-cold wash buffer (10 mM sodiumsufficient to elucidate the role of ATP binding, and further
phosphate [pH 7.0], 500 mM NaCl, and 10 mM imidazole). All subse-experiments are required.
quent protein purification steps were carried out at 4C. Cells were
An analysis of 28 AMN sequences obtained from the lysed by sonication, and the insoluble material was removed by
NCBI protein database was performed. High sequence centrifugation. The clarified cell extract was applied to a 2–5 ml
identity was observed for the C-terminal catalytic do- cobalt immobilized metal affinity column (Clontech) equilibrated with
10 mM sodium phosphate (pH 7.0) and 500 mM NaCl. The columnmain; however, six of the sequences lacked the N-ter-
was washed with 50 column volumes of the wash buffer. Polyhisti-minal domain found in E. coli AMN. In addition, the se-
dine-tagged AMN was eluted from the column with the wash bufferquence of Streptococcus pyogenes AMN contained only
supplemented with 300 mM imidazole. After purification, the protein
the C-terminal 170 amino acids, which includes most was dialyzed into the storage buffer (10 mM Tris-HCl [pH 7.6], 150
of the nucleotide binding site. Although most of the mM NaCl, 2mM MgCl2, and 1 mM DTT) and concentrated to 16
mg/ml with 10 kDa cutoff microcon concentrators (Amicon).enzymes have not been biochemically characterized,
The polyhistidine tag was removed by incubation with 0.5 U ofeach contains the key active site residues expected for
biotinylated thrombin (Novagen, Inc.) per milligram of polyhistidine-AMN. The ribose binding residues Asn205, Met404, and
tagged AMN at room temperature for 24 hr. The reaction mixture
Glu405 are fully conserved among all sequences as are was passed over a streptavidin agarose column and a second cobalt
Asp428 and Trp383 in the adenine binding site, with the column to remove the biotinylated thrombin, the free polyhistidine
exception of S. pyogenes, in which Trp383 is an arginine tag, and uncleaved protein. The polyhistidine tag cleaved AMN
was dialyzed back into the storage buffer and concentrated toresidue. Variations are seen in the 5-phosphate binding
15–20 mg/ml.site, although it is generally composed of positively
charged residues and Tyr189 is fully conserved, while
Crystallization of AMN
His188 is conserved for all AMNs with the putative regu- Crystallization was performed using the hanging drop method at
latory domain and replaced as an arginine residue for 18C with drops containing 2 l of protein and 2 l of reservoir
solution. Three different tetragonal crystal forms were obtained.the other sequences. Arg381 and Lys436 are conserved
Polyhistidine tag cleaved AMN crystallized from 1.8–2.0 M ammo-except in S. pyogenes, where Arg381 is replaced by a
nium formate, 100 mM HEPES (pH 6.8–7.2), 200 mM NaCl, and 1 mMphenylalanine residue. This phenylalanine has a struc-
DTT and reached a maximum size of 0.8 mm  0.6 mm  0.6 mm
tural equivalent in all the nucleoside phosphorylases, in 1–2 weeks. These crystals belong to space group I4 with unit cell
where the conserved aromatic residue makes the stack- dimensions of a	 271.8 A˚ and c	 113.4 A˚ and contain six monomers
ing interaction for the base ring binding. in the a.u. with a solvent content of 64%.
Polyhistidine-tagged AMN crystallized from 0.4–1.2 M ammoniumBased on sequence analysis of the N-terminal region,
formate, 100 mM HEPES (pH 6.8–7.6), 200 mM NaCl, and 1 mMAMNs can be divided into three groups. The major differ-
DTT. These crystals grew as rectangular prisms and reached a maxi-ences among the three groups are in regions corre-
mum size of 0.7 mm  0.2 mm  0.2 mm in 2–3 days. Crystals
sponding to E. coli AMN residues 24–54, 61–71, 115– belong to space group P42212 with unit cell dimensions of a	 246.6 A˚
119, 130–141, and 164–168. These residues make up and c 	 112.0 A˚. These crystals contain six monomers per a.u.,
2, 4, and two loops. Helix 4 and loop 38–43 from one corresponding to a solvent content of 55%. In presence of 0.5 mM
FMP, crystals grew from 1.2–1.6 M ammonium formate, 100 mMmonomer and loop 62–80 from a 3-fold related monomer
citrate (pH 5.0–5.4), 200 mM NaCl, 10% ethylene glycol, and 1 mMform a cleft at the N-terminal domain interface. This cleft
DTT. These cocrystals exhibit the same morphology and the samecould serve as a possible ATP binding site. Biochemical
space group with unit cell dimensions of a 	 246.2 A˚ and c 	
studies showed that E. coli AMN and A. vinelandii AMN 111.1 A˚. In the presence of 30 mM (NH4)3PO4, crystals grew from
are affected differently by ATP, and these enzymes fall the same condition as the FMP-cocrystals, but in space group I4
into different groups based on their N-terminal se- with unit cell dimensions of a 	 268.5 A˚ and c 	 114.2 A˚.
Polyhistidine-tagged AMN also crystallized from 12%–14% (w/v)quences. The sequence differences could result in
PEG 400, 100 mM HEPES (pH 7.0–7.1), 200 mM NaCl, 8% ethylenestructural variations in the putative regulatory domain
glycol, and 1 mM DTT in the presence of 0.5 mM FMP and grew toand affect intersubunit interactions. Having an ATP bind-
a maximum size of 0.6 mm  0.4 mm  0.4 mm in 2–3 days. The
ing motif in a region that divides AMN into groups is cocrystals belong to space group P43212 with cell dimensions of
consistent with the variable affects of enzyme regulation a 	 114.1 A˚ and c 	 236.5 A˚ and contain three monomers in the
a.u., with a solvent content of 56%. These crystals have similarby ATP.
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Table 2. Data Collection Statistics
Complex Unliganded FMP Unliganded Phosphate
Space group P42212 P42212 I4 I4
a (A˚) 246.6 246.2 271.8 268.5
c (A˚) 112.0 111.1 113.4 114.2
Wavelength (A˚) 0.9792 0.9778 0.9792 0.9792
Resolution (A˚) 2.7 2.6 2.8 3.0
Reflections 1678749 803124 917260 481523
Unique reflections 94120 104304 100795 81614
Completeness (%) 99.3 (100.0) 99.5 (100.0) 99.0 (100.0) 99.7 (100.0)
Rsyma (%) 11.3 (55.9) 11.8 (38.4) 6.4 (63.3) 8.8 (55.1)
I/
 26.8 (6.6) 37.9 (4.0) 28.1 (3.9) 19.2 (3.3)
Multiplicity 17.8 (18.1) 7.7 (6.5) 9.1 (8.9) 5.9 (5.8)
Values for the highest resolution shell are given in parentheses.
a Rsym 	 i|Ii  I|/I, where I is the mean intensity of the N reflections with intensities Ii and common indices h,k,l.
tetragonal bipyramidal morphology and unit cell parameters to those solution was added to the crystal drops. Prior to diffraction measure-
ment, the crystals were stepwise cryoprotected as described above.reported by Giranda et al. (1986, 1989).
The crystals belonging to space groups I4 and P42212 exhibited
substantial improvements in diffraction quality accompanied by anCryoprotection of AMN Crystals
The SeMet crystals of AMN belonging to space groups I4 and P42212 increase in resolution to 2.8 A˚ and 2.6 A˚, respectively.
were cryoprotected by gently transferring the crystals into mother
liquor containing an increasing concentration of glycerol before flash Data Collection and Data Processing
Single-wavelength anomalous diffraction (SAD) data sets of SeMetfreezing in liquid nitrogen. The glycerol concentration was increased
in 2% steps to a final concentration of 20% with an equilibration of AMN crystals were collected either at beamline 8BM at the Ad-
vanced Photon Source using a Quantum 315 CCD detector (Area1 to 2 min for each step. The crystals diffracted to 3.4 A˚ for both
space groups (data not shown). FMP cocrystals belonging to space Detector Systems Corporation) or at beamline A1 at the Cornell High
Energy Synchrotron Source using a Quantum 210 CCD detector.group P43212 were cryosoaked as described above except using
ethylene glycol as cryoprotectant. These crystals diffracted to 3.8 A˚ All data sets were collected with an oscillation angle of 0.5. The
wavelength for selenium peak (maximum of f) was determined by(data not shown).
A modified cryoprotection procedure was later developed to im- the fluorescence scan of a SeMet AMN crystal. Bijvoet pairs were
measured using inverse beam geometry in 10 wedges. Indexing,prove diffraction. Due to the fragility, humidity, and temperature-
sensitive nature of the AMN crystals, all subsequent crystal handling integration, and scaling of all diffraction data sets were performed
using the program HKL2000 (Otwinowski and Minor, 1997). Datawas performed at 4C. The crystals were transferred from their crys-
tallization drops into 5 l sitting drops of mother liquor. The sitting collection statistics are summarized in Table 2.
drops were then equilibrated against a 0.5 ml reservoir solution
containing an increasing concentration of ammonium formate. The Structure Determination and Model Refinement
The structures of AMN belonging to space groups I4 and P42212concentration of ammonium formate was increased to a final value
of 3.0 M in 6–8 steps over 3 days. In each step, 1 l reservoir were solved by SAD phasing. The selenium atom positions were
Table 3. Refinement Statistics
Complex Unliganded FMP Unliganded Phosphate
Space group P42212 P42212 I4 I4
Resolution (A˚) 2.7 2.6 2.8 3.0
No. of reflections in refinement 86108 95508 90588 74241
No. of reflections in test set 4464 4914 4772 3919
Total no. of nonhydrogen atoms 22181 21455 22064 22005
No. of protein atoms 21972 21039 21888 21888
No. of water molecules 209 278 176 87
No. of ligand atoms 138 30
R factora (%) 21.9 22.6 22.3 22.1
Rfreeb (%) 24.6 25.6 24.6 24.3
Rms deviation from ideal geometry
Bonds (A˚) 0.007 0.008 0.007 0.009
Angles () 1.25 1.28 1.29 1.37
Ramachandran plot
Most favored regions (%) 88.1 89.9 86.9 84.9
Additional regions (%) 11.6 9.8 12.7 14.6
Generously allowed regions (%) 0.1 0.1 0.1 0.3
Disallowed regions (%) 0.3 0.3 0.3 0.3
Average B factors (A˚2)
Protein atoms 68.9 71.1 92.3 83.2
Water molecules 55.4 56.0 69.7 56.3
Ligand molecules 51.9 85.8
a R factor 	 hkl||Fobs|  k|Fcal||/hkl|Fobs|, where Fobs and Fcal are observed and calculated structure factors, respectively.
b For Rfree, the sum is extended over a subset of reflections (5%) excluded from all stages of refinement.
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determined using SnB, an iterative direct methods program which 5-deoxy-5- methylthioadenosine phosphorylase from Sulfolobus
solfataricus. J. Biol. Chem. 276, 39232–39242.uses the Shake-and-Bake algorithm (Hauptman, 1991; Miller et al.,
1993, 1994; Smith et al., 1998; Weeks and Miller, 1997). Both space Bennett, E.M., Li, C., Allan, P.W., Parker, W.B., and Ealick, S.E.
groups contain a complete hexamer per a.u. A reproducible set of (2003). Structural basis for substrate specificity of Escherichia coli
18 positions out of the expected 24 selenium atoms was found purine nucleoside phosphorylase. J. Biol. Chem. 278, 47110–47118.
initially from the two unliganded I4 and P42212 data sets at 3.4 A˚. Bru¨nger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,Successful SnB runs showed a clear bimodal distribution of Rmin Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,values. Noncrystallographic symmetry (NCS) relationships among
Pannu, N.S., et al. (1998). Crystallography & NMR system: a newthe selenium atom sites and their crystallographic symmetry related
software suite for macromolecular structure determination. Actapositions were computed using the program PROFESSS from the
Crystallogr. D Biol. Crystallogr. 54, 905–921.CCP4 (CCP4, 1994) suite of programs. A new set of selenium atom
CCP4 (Collaborative Computational Project 4) (1994). The CCP4positions in the a.u. was generated and showed clear 32 point group
suite: programs for protein crystallography. Acta Crystallogr. D Biol.symmetry. The selenium atom positions were confirmed by calculat-
Crystallogr. 50, 760–763.ing an anomalous difference map.
SAD phases were calculated from the 18 selenium atom sites DeWolf, W.E., Jr., Fullin, F.A., and Schramm, V.L. (1979). The cata-
followed by solvent flipping and density modification using the CNS lytic site of AMP nucleosidase. Substrate specificity and pH effects
(Bru¨nger et al., 1998) software package. Secondary structure ele- with AMP and formycin 5-PO4. J. Biol. Chem. 254, 10868–10875.
ments were clearly visible for the C-terminal region but not for the Ealick, S.E., Rule, S.A., Carter, D.C., Greenhough, T.J., Babu, Y.S.,
N-terminal region in the resulting maps. Polyalanine models of the Cook, W.J., Habash, J., Helliwell, J.R., Stoeckler, J.D., and Bugg,
monomer were built from the 3.4 A˚ maps in both space groups using C.E. (1990). Three-dimensional structure of human erythrocytic pu-
the interactive graphics program O (Jones et al., 1991). The missing rine nucleoside phosphorylase at 3.2 A˚ resolution. J. Biol. Chem.
selenium atom, corresponding to Met138 in the N-terminal part of 265, 1812–1820.
the sequence, was eventually located from the higher resolution
Erion, M.D., Stoeckler, J.D., Guida, W.C., Walter, R.L., and Ealick,data sets using SnB in conjunction with anomalous difference maps.
S.E. (1997). Purine nucleoside phosphorylase. 2. Catalytic mecha-Maps calculated from higher resolution data sets using all 24 sele-
nism. Biochemistry 36, 11735–11748.nium atoms for SAD phasing showed better density, and the
Esnouf, R. (1997). An extensively modified version of Molscript whichN-terminal region became clearly visible. FINDNCS from the CCP4
includes greatly enhanced colouring capabilities. J. Mol. Graph. 15,suite of programs was used to determine the NCS operators from
132–134.the selenium atom positions. The protein envelopes were generated
from the polyalanine models using MAMA (Kleywegt and Jones, Esnouf, R.M. (1999). Further additions to MolScript version 1.4, in-
1994). The NCS operators were refined for the C-terminal region cluding reading and contouring of electron-density maps. Acta Crys-
and the N-terminal region separately, and the maps were greatly tallogr. D Biol. Crystallogr. 55, 938–940.
improved by 6-fold NCS averaging and multiple crystal averaging
Giranda, V.L., Berman, H.M., and Schramm, V.L. (1986). Crystalliza-
using RAVE (Kleywegt and Jones, 1994). Further main chain tracing
tion and preliminary X-ray study of AMP nucleosidase. J. Biol. Chem.
for the entire molecule was completed, and side chain building was
261, 15307–15309.
performed with these improved maps.
Giranda, V.L., Berman, H.M., and Schramm, V.L. (1989). Crystallo-The model in space group P42212 was refined by alternating cycles
graphic quaternary structural analysis of AMP nucleosidases fromof rigid body refinement, simulated annealing, B factor refinement,
Escherichia coli and Azotobacter vinelandii. J. Biol. Chem. 264,and manual rebuilding. NCS restraints were applied among subunits
15674–15680.throughout the refinement process. At the initial stage of the refine-
ment, the NCS restrains were held tight, with a restraint weight of Hauptman, H.A. (1991). A minimal principle in the phase problem.
300 for both main chain and side chain atoms, and gradually relaxed In Crystallographic Computing 5: From Chemistry to Biology, J.C.
to 100 for main chain atoms and 50 for side chain atoms. The final Thierry, ed. (Oxford, UK: IUCr and Oxford University Press), pp.
model was translated to the space group I4 as a starting model for 324–332.
a similar refinement process. The model was also refined against Hurwitz, J., Heppel, L.A., and Horecker, B.L. (1957). The enzymatic
the FMP-complexed data set, and the FMP molecules were fit into cleavage of adenylic acid to adenine and ribose 5-phosphate. J.
the substrate binding sites based on the difference electron density Biol. Chem. 226, 525–540.
map. Refinement statistics are summarized in Table 3.
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Accession Numbers
The Protein Data Bank codes for the E. coli AMN are as follows:
1T8R: E. coli AMP nucleosidease in space group P42212, a	 246.6 A˚,
c 	 112.0 A˚, at 2.7 A˚ resolution; 1T8S: E. coli AMP nucleosidease
complexed with formicin 5’-monophosphate in space group P42212,
a 	 246.2 A˚, c 	 111.1, at 2.6 A˚ resolution; 1T8W: E. coli AMP
nucleosidease in space group I4, a 	 271.8 A˚, c 	 113.4 A˚, at
2.8 A˚ resolution; 1T8Y: E. coli AMP nucleosidease with phosphate
in space group I4, a 	 268.5 A˚, c 	 114.2 A˚, at 3.0 A˚ resolution.
